Most copepods exhibit one of three kinds of body architecture: 1) six broad anterior trunk somites and five narrow posterior trunk somites of gymnopleans; 2) five broad anterior trunk somites and six narrow posterior trunk somites of many podopleans; or 3) four broad anterior trunk somites and seven narrow posterior trunk somites of thaumatopsylloids. A phylogenetic analysis using naupliar and post-naupliar characters, with Mystacocarida as the sister taxon of Copepoda, supports the hypothesis that the thaumatopsylloid architecture is the oldest. No narrow somite is transformed into a broad somite during post-naupliar development of thaumatopsylloids. Podopleans and gymnopleans begin their post-naupliar development with one trunk somite fewer than thaumatopsylloids. Podoplean architecture results when the anterior narrow somite of thaumatopsylloids is transformed to the posterior broad somite of podopleans during the first post-naupliar molt. Gymnoplean architecture, the youngest, results when the anterior narrow somite found on podopleans is transformed to the posterior broad somite during the second post-naupliar molt. These developmental transformations of body somites are assumed to explain the evolutionary origins of podoplean and gymnoplean body architectures.
INTRODUCTION
One distinctive feature of many copepod crustaceans is a difference in the size of the trunk somites that make up the body posterior to the cephalon. Trunk somites of these copepods can be divided into two groups: a broad anterior group and a narrow posterior group (Fig. 1A , 2A-C). Broad somites usually bear a limb (Fig. 1C, E) ; narrow somites may bear a limb (Fig. 1B ) or may not (Fig. 1D, F ). The number of broad and narrow trunk somites differs among copepods. Gymnoplean copepods (all calanoids including platycopiids) have six broad anterior trunk somites and five narrow posterior trunk somites (Fig. 2C ). Podoplean copepods (polyarthrans, misophrioids, harpacticoids, cyclopoids, monstrilloids, mormonilloids, poecilostomatoids, gelyelloids and siphonostomatoids) have five broad anterior trunk somites and six narrow posterior trunk somites (Fig. 2B) , although many polyarthrans, harpacticoids and gelyelloids do not express a distinctive difference in trunk somite size. Copepods belonging to the order Thaumatopsylloida (Ho et. al., 2003) have four broad anterior trunk somites (Fig. 2A) ; the number of narrow posterior somites is assumed to be seven although this is not known with certainty because one or more narrow posterior somites may fail to form an arthrodial membrane between somites.
The skeletomusculature between the posterior broad trunk somite and the anterior narrow trunk somite has been compared for the gymnoplean Euaugaptilus placitus (Scott, 1909) and the podoplean Mormonilla phasma Giesbrecht, 1891 (Boxshall, 1985) . A common function at the transition between the posterior broad somite and the anterior narrow somite was proposed for both the gymnoplean and the podoplean. That common function suggests a basis for categorizing copepods like polyarthrans, harpacticoids and gelyelloids that do not express a distinctive difference in size of their trunk somites. However, skeletomusculature studies have not been extended to other gymnopleans and podopleans, the skeletomusculature of thaumatopsylloids has not been studied, and the nature of the transition between broad and narrow somites of the early postnaupliar stages of copepods is not known.
During the post-naupliar development of most podoplean and gymnoplean copepods, trunk somites 1-4 initially form as broad somites; trunk somites 5-11 initially form as narrow somites (Ferrari and Dahms, 2007) . In subsequent molts, trunk somite 5 of podopleans ( Fig. 2B ) and trunk somites 5 and 6 of gymnopleans ( Fig. 2C ) are transformed from narrow somites into broad somites beginning with the molts to the second and third post-naupliar stages respectively (Marcotte, 1982; Ferrari and Dahms, 2007) . The recent first description of the complete development of the thaumatopsylloid Caribeopsyllus amphiodiae Ho et al., 2003 maintained under culture (Dojiri et al., 2008) shows that the body of thaumatopsylloids differs from podopleans and gymnopleans in two ways (Ferrari and Dahms, 2007) : the body of their first post-naupliar stage (copepodid I) consists of four broad anterior and three (including the telson) narrow posterior trunk somites; no trunk somite is transformed from narrow to broad during the post-naupliar phase of its development ( Fig. 2A) .
This variation in the body architecture of copepods often is discussed within the context of a phylogeny, usually a narrative (Giesbrecht, 1893; Gurney, 1931; Heegaard, 1947; Lang, 1948; Kabata, 1979; Marcotte, 1982; Dussart, 1984; Por, 1984; Boxshall in Kabata, 1986; Boxshall in Schram, 1986; Ho, 1990; Huys and Boxshall, 1991) . There is a general consensus that changes in body architecture were among the first transformations during copepod evolution (Giesbrecht, 1893; Kabata, 1979; Boxshall in Schram, 1986; Ho, 1990; Huys and Boxshall, 1991) ; the only exception is Stock (1991) who proposes that changes in limbs like antenna 1, mandible and trunk limb 6 are the earliest transformations during copepod evolution. There is further agreement that specific body architectures are not convergent; the only exception is Marcotte (1982) who considers podopleans as polyphyletic, although he presents no analysis supporting this conclusion. In addition, gymnoplean architecture often is assumed to be ancestral (Giesbrecht, 1893; Lang, 1948; Boxshall in Schram, 1986; Ho, 1990; Huys and Boxshall, 1991) . However, Heegaard (1947) , Dussart (1984) and Stock (1991) hypothesizes that all other copepods evolved from a cyclopoid-like ancestor. Marcotte (1986) derives them from a tisbid-like ancestor, and Por (1984) hypothesizes that a polyarthran with similar sized trunk somites was the oldest copepod. Under these latter evolutionary scenarios, the podoplean body architecture would be the oldest. Finally, Kabata (1979) and Marcotte (1982) propose an ancestral copepod without differentiation of trunk somites.
Here a phylogeny is proposed for the ground pattern of Copepoda that considers basal Gymnoplea, basal Podoplea, and Thaumatopsylloida. Characters used to resolve relationships among these copepods focuses on differences expressed during development, including both naupliar and post-naupliar phases. Differences in the number of broad anterior somites and narrow posterior somites are not included in the analysis, nor are the different configurations of trunk limbs 5 and 6 that are assumed to be correlated with the transformation of individual trunk somites. However, results of the phylogenetic analysis are used to infer how body architecture has been transformed during copepod evolution, and how those transformations have affected particular trunk limbs. Fig. 1 . A, ventrolateral schematic of a copepod with thaumatopsylloid body architecture; B, cross-section through anterior-most narrow trunk somite; C, cross-section through a broad trunk somite; D, cross-section through a narrow, limbless trunk somite; E, cross-section through a broad trunk somite with epimera; F, cross-section through a narrow, limbless trunk somite with epimera.
MATERIALS AND METHODS
A trunk somite is any somite posterior to the cephalon regardless of whether it is fused to the cephalon or to another trunk somite, whether it bears a limb or the kind of limb (maxilliped, swimming leg, etc.), or its positional relationship to the genital pores. For example, the telson, or anal somite, is a trunk somite. The presence of epimera, which are lateral, integumental extensions of a somite dorsal to the limb, may obscure differences between the broad and narrow somites of some copepods (compare Fig. 1B, E, F) . However, the undefined, limbless ''pseudosomite'' of some copepods (Huys and Boxshall, 1991: Fig. 3 .1.1) is part of a poorly-sclerotized trunk somite 6, and is not a homolog of trunk somites. Here, the phrase ''trunk somite'' is abbreviated TS; trunk limb is TL, maxilla 1 as Mx1 and maxilla 2 is Mx2. Terms with functional implications like ''prosome,'' ''urosome,'' ''maxilliped,'' and ''swimming legs'' are deconstructed (Scholtz, 2010) : the relative width of trunk somites replaces ''prosome'' and ''urosome''; presence of endites on the protopod of trunk limb 1 replaces ''maxilliped''; presence of an interpodal bar between the contra-lateral pair of trunk limbs replaces ''swimming legs. '' Characters include changes at different stages of development in the shape of limb segments, changes in the shape of setae on a segment, or the addition of epicuticular extensions to a segment. The order and numbering of characters considered here begin with differences in developmental stages, followed by differences in body somites, and finally differences in limb configuration, with anterior limbs considered before posterior limbs. In addition to changes in shape, two kinds of countable characters are considered: the number of stages making up a particular phase of development; and the number of serial homologs (constitutive structures repeated along a body axis) like segments making up a limb or somites making up the body. Differences in the number of these serial homologs are used sparingly, for reasons outlined below, and only when the polarity of changes in these numbers is broadly supported among related groups.
Numbers of serial homologs generally are considered to convey useful information for phylogenetic analyses. However, this information may be difficult to analyze. For example, the number of segments making up the ramus of a limb may be masked due to the loss of one or more arthrodial membranes separating the segments (see Ferrari and Ivanenko, 2001) . This loss will result in a complex of more than one segment, and the number of segments will appear incorrectly to be too low. Secondly, segments of a ramus may be added either proximally or distally from a source segment, complicating determination of homologous segments among two or more limbs (Ferrari and Dahms, 2007) . Finally, the order of transformation of different numbers of serial homologs making up structures on different species may be difficult to determine. The usual solution to this problem is to assume evolution is ordered in the following way: the largest number of serial homologs present among two or more species is plesiomorphic among those species, and fewer numbers are states derived by truncation of the process that forms serial homologs. This truncation is considered a kind of evolutionary process called ''oligomerization'' (Dogiel, 1936 (Dogiel, , 1954 Monchenko and Vaupel Klein, 1999) which Dogiel (1936; 1954) interpreted as the main process in the evolution of metazoans. Although oligomerization often is assumed to have reduced the number of serial homologs during copepod evolution, this assumption has not been tested often. An exception is the analysis by Seifried (2003) who reported that oligomerization explained accurately changes in all 32 serially homologous character states, hypothesized to have been oligomerized, on a phylogenetic tree generated from 40 characters of structures that were not serial homologs.
During body and limb development of copepods, serial homologs usually are added in a predictable, stage-specific pattern (Ferrari and Fig. 2 . Adult body architecture, dorsal view, of: A, a thaumatopsylloid copepod; B, a podoplean copepod; C, a gymnoplean copepod. CII-CVI to left indicate somites that are added during the post-naupliar phase of development; for example, the somite with CII to its left is added during the molt to the second post-naupliar stage, etc. All other somites are present on CI, which is the first post-naupliar stage. RCV and RCVI indicate that an arthrodial membrane is lost between seventh trunk somite (genital somite) and adjacent posterior somite of female, during the molt to the fifth or sixth post-naupliar stage respectively. A dark somite initially appears during development as a narrow somite and is transformed to a broad somite during the following molt: 1 -during molt to the second post-naupliar stage; 2-during molt to the third post-naupliar stage. Dahms, 2007) . As a result, it is reasonable to assume that derived states in the number of serial homologs might result from the continued addition of serial homologs to a lower number, plesiomorphic, in effect a kind polymerization of parts similar to the main process in the evolution of protozoans (Dogiel, 1929) . Currently, nothing is known about a cellular regulatory mechanism that terminates the addition of serial homologs to produce the final body architecture or limb configuration although there is some information about the shape of epidermal cells that make up serial homologs during limb development (Maruzzo et al., 2007) . Lack of information about this counting mechanism for somite and segment additions is the single greatest obstacle to sound analyses of differences in the number of serial homologs.
Questions about which crustacean taxon is the sister group of Copepoda remains a challenge, particularly with the reconsideration of the taxon Maxillopoda (see Newman, 2005) into which Copepoda had been placed. In selecting Mystacocarida as the sister group of Copepoda here, two factors were initially examined for taxa formally considered maxillopodans: the number of phases of development the animal passes through; and during which of those phases is the body is patterned. Ostracodes (Smith and Kamiya, 2003; Okada et al., 2008) , branchiurans (Rushton-Mellor and Boxshall, 1994) , and tantulocaridans (Huys et al., 1994) have two developmental phases: embryonic and post-embryonic. None has a naupliar phase, i.e., there is no arthrite on antenna 2 of the first posthatch stage and limbs buds are immediately transformed. Body patterning of the branchiurans and tantulocaridans is completed during the embryonic phase of development; body patterning of ostracodes extends through the post-embryonic phase.
Thecostracans, mystacocaridans, and copepods have three developmental phases; their post-embryonic phase is divided into a naupliar phase and a post-naupliar phase. The body of thecostracans and mystacocaridans is patterned during the embryonic and naupliar phases. Body patterning of copepods begins during the embryonic phase, extends through the naupliar phase and into the post-naupliar phase. Either thecostracans or mystacocaridans might be the sister group of copepods based on a naupliar phase of development and body patterning during that phase. Mystacocaridans are preferred because the protopod of the first trunk limb of post-naupliar mystacocaridans has two endites on the basis, one on the coxa and three on the pre-coxa; this configuration is present on some basal gymnopleans (Fig. 3) . Post-naupliar facetotectans, the presumed basal thecostracans (Høeg et al., 2009) , lack a pre-coxa on the protopod of the first trunk limb and there are no endites on its basis or coxa; the same configuration is present on most other thecostracans (Wagin, 1947; Newman and Ross, 1971; Newman, 1971) . During development, copepods pass through six post-naupliar stages; mystacocaridans pass through three post-naupliar stages but only two post-naupliar stages are reported for facetotectans (Høeg et al., 2009) . Copepods have been compared closely to mystacocaridans and shared morphological details have been noted (Beklemishev, 1952; Buchholz, 1953; Dahl, 1956; Ax, 1960; Beklemishev, 1969) . Previous phylogenetic analyses have suggested mystacocaridans as the sister group of copepods (Siewing, 1960; Boxshall and Huys, 1989) , although other studies favor thecostracans (Grygier, 1983; Schram, 1986; Huys and Boxshall, 1991; Dahms, 2004a) . Mystacocaridans exhibit little morphological diversity, and development of only two species is known (Delamare-Deboutteville, 1954; Hessler and Sanders, 1966) so that hypothesizing the plesiomorphic state of their characters is usually unambiguous.
Most developmental information about mystacocaridans is from Hessler and Sanders (1966) . Developmental information about thaumatopsylloid copepods is from Dojiri et al. (2008) . Information about development of gymnoplean and podoplean copepods is usually from the survey of Ferrari and Dahms (2007) . Developmental characters are treated as simple morphological states. An analysis of developmental sequences of morphological changes is not undertaken here because this methodology while producing interesting results (Ferrari, 1998) , may raise specific challenges for representation of character states (Koenemann and Schram, 2002) .
The cladogram resulting from the analysis of characters here is handcrafted. The phylogenetic analysis is guided by the following brief principles. The history of life on earth is unique, and so statements about historical events like phylogenies cannot be falsified. Phylogenetic constructs resulting from sampling an instrumentally created population of unnatural combinations of character state patterns (Ho et al., 2003; Huys et al., 2007) only provide information about the unnatural combinations. Further problems with instrumentalism include an absence of general agreement about representation of character states within a matrix (Vaupel Klein, 2009 ). In addition, construction of matrices often forces a contrived rigidity on assumptions about the transformations of character states (Pleijel, 1995) . Handcrafted phylogenies provide flexibility to this rigidity by relaxing demands to include in a matrix the derived absences of structures on limbs that fail to develop on some of the crustaceans discussed here.
Character Definitions 1] Number of Naupliar Stages: . 6 (1); 6 (1+); , 6 (1++).-Most freeliving podopleans and gymnopleans pass through a naupliar phase of no more than six stages (Ferrari and Dahms, 2007) . The derived gymnoplean Chiridius armatus (Boeck, 1872 ) is one of the few free-living copepods with four naupliar stages (Matthews, 1964) ; the podoplean Misophria pallida (Boeck, 1865 ) is the only free-living copepod with one naupliar stage (Gurney, 1933) . A naupliar phase with fewer than six stages has been reported for many derived parasitic copepods (see Izawa, 1987) . The thaumatopsylloid parasite has two distinct morphologically naupliar stages although there is some evidence for more stages, perhaps as many as six (Hendler and Dojiri, 2009 ). Six naupliar stages have been described for the mystacocaridan Derocheilocaris typicus Pennak and Zin, 1943 although there is one earlier stage on which maxilla 1 is a pair of limb buds each with one seta (unpublished observations); more than seven naupliar stages have been reported for Derocheilocaris remanei Delamare-Deboutteville and Chappius, 1954 (see Delamare-Deboutteville, 1954) .
2] Number of TS added during post-naupliar phase: none (2); not added during every molt (2+); one added during each molt (2++); and 3] Number of TS at First Post-Naupliar Stage: . 7 (3); 7 (3+); 6 (3++).-Gymnoplean and podoplean copepods have six trunk somites including a telson at the first post-naupliar stage; the thaumatopsylloid has seven (Ferrari and Dahms, 2007; Dojiri et al., 2008) . Copepods pass through five more post-naupliar stages. Podopleans and gymnopleans add one trunk somite during each post-naupliar molt so that the adult body includes eleven trunk somites. The thaumatopsylloid is assumed to add a somite during the first four post-naupliar molts also resulting in eleven trunk somites. However, late in development of the thaumatopsylloid, one or more limbless trunk somites do not separate from a posterior somite complex which includes the telson (Dojiri et al., 2008: Fig. 14A, 15A, 16A) . A hypothesis of somite additions for the thaumatopsylloid through all five post-naupliar molts would result in twelve trunk somites (Ferrari and Dahms, 2007) . The body of the first post-naupliar stage of mystacocaridans has eleven trunk somites including a telson, and mystacocaridans do not add trunk somites during a post-naupliar phase of three stages so adults have eleven trunk somites. 4] TS: Similar in Size (4); Anterior Broad and Posterior Narrow (4+).-The body of most copepods is divided into an anterior section of broad trunk somites and a posterior section of narrow trunk somites. The body of mystacocaridans is not so divided. 5] Arthrodial Membrane between Cephalon and TS1: Absent during Naupliar and Post-Naupliar Phases (5); Present during Naupliar and PostNaupliar Phases (5+).-An arthrodial membrane between the cephalon and TS1 is absent during the naupliar and post-naupliar phase of development of copepods. On mystacocaridans, the arthrodial membrane is present during both phases. An arthrodial membrane between the cephalon and TS1 during both phases of development of mystacocaridans is derived. 6] Arthrodial Membrane between TS1 and TS2: Absent during Naupliar Phase But Present during Post-Naupliar Phase (6); Present during Both Naupliar and Post-Naupliar Phases (6+).-An arthrodial membrane is absent between TS1 and TS2 during the naupliar phase of development of copepods but present during the post-naupliar phase. An arthrodial membrane is present between TS1 and TS2 during both phases of development of mystacocaridans. 7] Number of Exopodal Segments on A2 from Last Nauplius to First PostNauplius: Remains the Same (7); Increases (7+); Decreases (7++).-At least one seta and one arthrodial membrane are added to the exopod of A2 during the molt from the last nauplius to the first post-naupliar stage of some gymnoplean copepods Calanus finmarchicus (Gunnerus, 1770) (see Ferrari and Dahms, 2007: Fig. 1 ) and polyarthran podopleans like Longipedia americana Wells, 1980 (see Ferrari and Dahms, 2007: Fig. 2 ). Loss of setae and arthrodial membranes from the exopod of A2 during the molt to the first post-naupliar stage of most derived podoplean copepods like Parathalestris harpactoides (Claus, 1863 ) (see Dahms, 1992: Fig. 6 ). A2 is present with an exopod on thaumatopsylloid nauplii but absent on all post-naupliar stages. On mystacocaridans the number of setae and arthrodial membranes on the exopod of antenna 2 remains the same during the molt from the last nauplius to the first post-naupliar stage. 8] Post-Embryonic Patterning of A2 Exopod: Not Patterned (8); Patterned during Naupliar Phase (8+); Patterned during Naupliar and Post-Naupliar Phases (8++); Absent (8+++).-Most copepods do not add setae or Fig. 3 . A, illustration of the maxilliped of the mystacocaridan Derocheilocaris typicus; B, schematic of A; C, schematic of maxilliped, without an exopod, of the assumed ancestral copepod; D, schematic of maxilliped of the assumed ancestral podoplean, without a distal endite on the basis; E, schematic of maxilliped of a derived podoplean, without a proximal endite on the basis but with its setae; F, schematic of ancestral gymnoplean maxilliped; G, schematic of maxilliped of a derived gymnoplean, without a proximal endite on the basis but with its setae. Relative size of endites not to scale; dotted line indicates arthrodial membrane which fails to form resulting in a segment complex; coxa exite on syncoxa with 1 seta as retained in metridinids like Pleuromamma xiphias (see Ferrari, 1985) .
arthrodial membranes to the exopod of A2 during the post-naupliar phase of development; the exopod is patterned only during the naupliar phase of development. Exceptions are the species of the basal gymnoplean family Pseudocyclopidae (see Ferrari et al., 2010 ) that add setae and/or arthrodial membranes to the exopod of A2 during both the naupliar and post-naupliar phases (Costanzo et al., 2004; Ferrari et al., 2010) . A2 is absent on all postnaupliar stages of thaumatopsylloids and so its exopod is not patterned. The exopod of A2 of mystacocaridans is not patterned during either phase. 9] Terminal and Penultimate Segments of Mandibular Exopod: Articulate (9); Fused (9+); Absent (9++).-The terminal exopodal segment of the adult mandible articulates with the penultimate exopodal segment of most basal gymnopleans (Ferrari, 1985: Fig. 17D ) and most basal podopleans (Martínez and Seifried, 1996 : Fig. 2C) ; these two segments are fused on polyarthrans (Seifried, 2003: Fig. 6 ). The mandible is absent from adult thaumatopsylloids. The two segments articulate on mystacocaridans.
10] Initial Appearance of Buds of Mx1: First Nauplius (10); Second Nauplius (10+); Third Nauplius (10++).-Among copepods, the paired buds of Mx1 initially appear as a single seta pair on the first nauplius of the thaumatopsylloids (Dojiri et al., 2008: Fig. 1B) , on the second nauplius of podoplean copepods (Dahms and Fernando, 1993a : Fig. 10 ) and on the third nauplius of gymnoplean copepods (Dahms and Fernando, 1993b: Fig. 2 ). Buds of Mx1 initially appear as a single seta pair on the first nauplius of mystacocaridans (unpublished observations). The buds of Mx1 may be absent on the first post-hatch stage of many crustaceans with a naupliar phase of development (Dahms et al., 2006) . Their initial presence on the second post-hatch stage was considered plesiomorphic for copepods (Ferrari and Dahms, 2007) . However, the paired buds of Mx1 as a single seta pair, may be present on the first post-hatch stage or second post-hatch stage of crustaceans without a naupliar phase, like ostracodes (compare Kamiya, 2003 with Okada et al., 2008) , and its homologous limb 4 (for somite and limb homologies see Mittmann and Scholtz, 2003) on the first post-hatch stage or second post-hatch stage of related arthropods like pycnogonid chelicerates varies similarly (Bain, 2003) . Here the paired buds of Mx1 are assumed to have been present each as a single seta initially on first naupliar stage of the ancestral copepod and the transformation of this ordered multi-state character has been a simple stepwise progression through Mx1 initially present on the second naupliar stage, e.g., podopleans, to Mx1 initially present on the third naupliar stage, e.g., gymnopleans. 4C ). On basal podopleans like the polyarthran Longipedia minor (see Huys and Boxshall, 1991: Fig. 2.4.13A ) and the misophrioid Misophriella schminkei (see Martínez Arbizu and Jaume, 1999: Fig. 11C ) the ventral lobe has a thick, seta-like attenuation although this attenuation is lost secondarily on many derived podopleans like Tegastes falcatus (Norman, 1869) (see Ivanenko et al., 2008: Fig. 3D ). On mystacocaridans the ventral lobe on the proximal segment of Mx2 is not pronounced and has no attenuation. 14] Proximal Endite on Basis of TL1: Present (14); Absent (14+).-A proximal endite is present on the basis of TL1 of basal podopleans (Fig. 3D) like Longipedia americana (see Ferrari and Dahms, 1998: Fig.  1F ) and Cyclopina caroli Lotufo, 1994 (see Ferrari and Ivanenko, 2001 : Fig. 2D ), and on gymnopleans like Pseudocyclops schminkei (Fig. 3F) , on which it is armed with 3 setae. This endite fails to develop (Fig. 3E ) on many derived podopleans Tegastes falcatus (see Ivanenko et al., 2008: Fig. 3G ) although its 3 setae may be present on some basal podopleans like Coullana canadensis (Wiley, 1923) (see Ferrari and Dahms, 1998: Fig. 2E ) and on Misophriella australis Martínez Arbizu and Jaume, 1999 (their Fig.  5B ). Except for pseudocyclopids, the proximal endite also fails to develop on all gymnopleans (Fig. 3G) including basal gymnopleans like Antrisocopia prehensilis Fosshagen and Iliffe, 1985 (their Fig. 7B ), Epacteriscus rapax Fosshagen, 1973 (their Fig. 2D ) and Ridgewayia klausruetzleri Ferrari, 1995 (his Fig. 3D) . A proximal endite is present on the basis of TL1 of mystacocaridans and bears 4 setae (Fig. 3A, B) , one more than is on the basal gymnoplean Pseudocyclops schminkei.
15] Distal Endite on Basis of TL1: Present (15); Absent (15+).-The distal endite on the basis of TL1 of basal gymnopleans (Fig. 3F) like Pseudocyclops schminkei has 2 setae : Fig. 7) ; this endite fails to develop on podopleans like Longipedia americana (see Ferrari and Dahms, 1998: Fig. 1F ), Misophriella australis (see Martínez Arbizu and Jaume, 1999: Fig. 5B ), and Cyclopina caroli (see Ferrari and Ivanenko, 2001 : Fig. 2D) . A distal endite is present on the basis of TL1 of mystacocaridans and bears 2 setae (Fig. 3A) , the same number as many gymnopleans.
16] Exopod of TL1: Present (16); Absent (16+).-An exopod does not develop on TL1 of any copepod. On adult mystacocaridans, the exopod of TL1 is indistinctly 1-segmented with two terminal setae (Fig. 3A) . 17] Number of Endopodal Segments on TL1: 4 (17), 1-4 (17+); None (17++).-Most basal gymnoplean copepods, like Pseudocyclops schminkei (see Chullasorn et al., 2010 : Fig. 7) or Ridgewayia klausruetzleri (see Ferrari, 1995: Fig. 3E ), have a 6-segmented endopod, including a terminal complex of 2 segments, on TL1. Among podoplean copepods, the endopod of TL1 of some misophrioids like Speleophria bivexilla Boxshall and Iliffe, 1986 (see Huys and Boxshall, 1991: Fig. 2 .3.8B) is 7-segmented including the terminal complex of 2 segments; on other misophrioids like Misophriella australis (see Martínez Arbizu and Jaume, 1999: Fig. 5B ) the endopod is 6-segmented, identical to gymnopleans, including the 2-segmented terminal complex. It is 5-segmented, including the terminal complex, on longipediid polyarthrans like Longipedia americana (see Ferrari and Dahms, 1998: Fig. 1F ) and 4-segmented, including the terminal complex, on canuellid polyarthrans like Coullana canadensis (see Ferrari and Dahms, 1998: Fig. 2D ). The endopod of TL1 of mystacocaridans is 4-segmented; the two ventral setae indicate that the middle segment is a complex of two segments. Assuming that a derived state may result from the addition of serial homologs to a plesiomorphic state of fewer numbers of serial homologs, the order of transformation begins with the 3-segmented condition of mystacocaridans; larger numbers of segments have been derived in a stepwise fashion by polymerization as seen during development of gymnopleans (Ferrari, 1995) and podopleans (Ferrari and Dahms, 1998; Ferrari and Ivanenko, 2001) . TL1 is secondarily absent from thaumatopsylloids. 18] Interpodal bar uniting contra-lateral coxa of TL2-6: absent (18); present (18+); and 19] Interpodal Bar on TL5-6: Present (19); Absent (19+).-A ventral extension of the sternite, called here the interpodal bar, unites the coxa of the contra-lateral limb pair TL2-5 on most podoplean and gymnoplean copepods (Claus, 1863; Huys and Boxshall, 1991 ). An interpodal bar also unites the contra-lateral coxa of TL6 on most gymnopleans and many basal podopleans, but not most derived podopleans from which it is absent. Thaumatopsylloids lack an interpodal bar uniting TL5 and TL6, and this is considered a secondary loss from those limbs. An interpodal bar does not unite the contra-lateral pair of TL7, a limb bud, of any copepod, nor is one present between limb buds of any copepod. An interpodal bar initially appears between the contra-lateral limb pair TL2 and TL3 during the first post-naupliar stage of all copepods, and an interpodal bar initially appears in register during successive post-naupliar stages for TL4 and TL5, and TL6, if present. TL2-5 of mystacocaridans do not develop beyond the bud stage, but interpodal bars are presumed to have been absent in the immediate ancestor of mystacocaridans with segmented limbs. The sternal bar reported for remipedes (Schram et al., 1986 ) is similar to the interpodal bar of copepods, uniting the contra-lateral coxa of all trunk limbs posterior to the maxilliped, and ensuring that contra-lateral limb pairs move together (Koenemann et al., 2007) , as is the case for copepods. For this analysis, the sternal bar of remipedes is considered convergent on the interpodal bar of copepods. (21); Curved over the Anterior Face of Modified Proximal Endopodal Segment (21+); Absent (21++).-On many gymnoplean copepods, the distoventral seta on the basis of TL2 is located distally, and is curved and usually re-curved over a sensory area on the proximal endopodal segment; this combination is Von Vaupel Klein's organ (see Ferrari and Dahms, 2007) . Among more basal gymnoplean families, Von Vaupel Klein's organ is present on all species of Epacteriscidae and Boholinidae, and many species of Ridgewayiidae and Platycopiidae, suggesting that it is the plesiomorphic state for these families. The absence of Von Vaupel Klein's organ on some species of Pseudocyclopidae, like Pseudocyclops schminkei is a secondary loss (Ferrari et al., 2010) , and Von Vaupel Klein's organ is considered a synapomorphy for calanoids (Ferrari and Dahms, 2007) , which are equated here with gymnopleans. The distoventral seta is simple and straight on basal podopleans, and it is absent on thaumatopsylloids; there is no sensory area on the proximal endopodal segment of either basal podopleans or thaumatopsylloids. On mystacocaridans, the limb is a setose bud and the homologous seta is not present. 6C ); TL6 is reduced in size and segment number on basal podopleans (Huys and Boxshall, 1991: 2.4.22) . TL6 is a bud on thaumatopsylloids (Dojiri et al., 2008: Fig. 15B ). TL6 is absent on mystacocaridans. (24); Present (24+).-Denticles, as epicuticular extensions of the exoskeleton, are present on the distal exopodal segment of TL6 of gymnopleans; examples can be found in general monographs (Giesbrecht, 1893) , specific monographs (e.g., Park, 2000) , and species descriptions . These denticles have not been reported on podopleans and thaumatopsylloids. TL6 is secondarily absent on mystacocaridans. 25] TL7: a bud (25); absent (25+); and 26] TL7 Initially Appears on the: Fourth Post-Nauplius (26); Sixth Post-Nauplius (26+); None (26++).-Among copepods, TL7 does not develop beyond the bud state; it initially appears on the fourth post-nauplius of podopleans and thaumatopsylloids, but the sixth post-nauplius of gymnopleans. TL7 is secondarily absent from mystacocaridans. 27] Male Reproductive System: Bilaterally Symmetrical (27); Asymmetrical (27+).-The male reproductive system of podopleans and thaumatopsylloids is bilaterally symmetrical, but it may be asymmetrical in derived podopleans like Tegastes falcatus (see Ivanenko et al., 2008) . The male reproductive system is asymmetrical in all gymnopleans. It is bilaterally symmetrical in mystacocaridans (Zaffagnini, 1969) .
24] Ventral Denticles on Distal Exopodal Segment of TL6: Absent

RESULTS
Results of the phylogenetic analysis are shown as a handcrafted cladogram (Fig. 4) . A matrix also is provided (Table 1) . Differences of apomorphies and character changes on branches among the hand-crafted and a machine-generated cladogram, resulting in the same topology, are listed in Table 2 . Structures on limbs that fail to develop during the post-naupliar phase of thaumatopsylloids (antenna 2, mandible, maxilla 1, maxilla 2, maxilliped) or mystacocaridans (sixth and seventh trunk limbs) are not indicated on the hand-crafted cladogram because the phylogenetic information in these derived absences is difficult to assess. Combining results from the hand-crafted cladogram with the three kinds of body architecture (Fig. 5) suggests the following evolutionary scenario. Thaumatopsylloids belong to the oldest copepod lineage and gymnopleans belong to the youngest. The ancestral copepod developed through six naupliar and six post-naupliar free-living stages, having evolved from the ancestral mystacocaridan with at least seven naupliar Table 1 . Matrix of 7 taxa and 27 characters. Plesiomorphic state coded as '0', in contrast to an unaccented numeral in text and cladogram (Fig. 4) , e.g., '12'; derived states coded as '1', '2' or '3', in contrast to numerals accented with + in text and cladogram, e.g., '12+', '12++' or '12+++'. The matrix was made with NEXUS Data Editor. stages. On the ancestral mystacocaridan, buds of maxilla 1 were present as a setal pair on the first nauplius, trunk limb 5 was the limb anterior to the caudal ramus on the last nauplius, and trunk somites were not separated by arthrodial membranes during the naupliar phase. The first post-naupliar stage of the ancestral mystacocaridan had 11 similar-sized trunk somites, as did the adult; trunk limb 5 was the limb anterior to the caudal ramus. Trunk limb 1 of the adult ( Fig. 2A, B) had two endites on the basis, a 1-segmented exopod and 4-segmented endopod including a middle complex of two segments. The remaining trunk limbs were assumed to have been transformed limbs with segmented protopod, exopod and endopod, but the number of ramal segments is unclear. Nauplii of extant mystacocaridans have an arthrodial membrane separating trunk somites 1 and 2 and this membrane remains throughout development. Trunk limbs 2-5 do not develop beyond the bud step, and trunk limbs 6 and 7 fail to form. During copepod evolution, separation of trunk somites into a broad anterior group and narrow posterior group initially resulted in a free-living adult ancestral copepod with a thaumatopsylloid-like body: four broad anterior somites and seven narrow posterior somites (Figs. 1A, 2A) . This ancestral copepod passed through six naupliar stages and six post-naupliar stages during development. The buds of Maxilla 1 were present as a setal pair on the first nauplius, and the setose bud of trunk limb 4 was the limb anterior to the caudal ramus on the last nauplius. The first post-naupliar stage had seven trunk somites, and the last three were narrow; thus the ancestral copepod began its post-naupliar phase of development with four somites fewer than the ancestral mystacocaridan. Trunk somites were added during all post-naupliar molts except the last. Trunk limb 5 was the limb anterior to the caudal ramus on the first post-nauplius. Cephalic limbs were present on the adult, and trunk limb 1 retained both basal endites and had a 4-segmented endopod, including a terminal complex of two segments, but no exopod. Interpodal bars united the coxa of contra-lateral pairs of trunk limbs 2-4. On trunk limb 5, the exopod was a 1-segmented complex, and the endopod an unarticulated lobe (Fig. 1B) . On extant thaumatopsylloid copepodids, trunk limb 1 and all cephalic limbs except antenna 1 fail to develop. There are only two naupliar stages, and trunk limb 6 and 7 remain setose buds.
The trunk of the adult, ancestor of podoplean/gymnoplean was divided into an anterior set of five broad somites and a posterior set of six narrow somites (Fig. 2B) . The anterior narrow trunk somite 5 of the ancestral copepod was transformed into the posterior broad trunk somite on the ancestor of podoplean/gymnoplean. That change appears to correspond to the transformation during development of the narrow trunk somite 5 to a broad somite during the molt to second post-naupliar stage. Buds of maxilla 1 initially appeared as a setal pair on the second nauplius of the ancestor of podoplean/gymnoplean, and the setose bud of trunk limb 3 was the limb anterior to the caudal ramus on the last nauplius. Six naupliar stages and six post-naupliar stages were retained. The number of segments making up the exopod of antenna 2 increased from last nauplius to first post-nauplius. The first post-naupliar stage had six trunk somites, and the last two were narrow. The ancestor of podoplean/gymnoplean began its post-naupliar phase of development with one somite fewer than the ancestral copepod. Trunk limb 4 was the limb anterior to the caudal ramus on the first post-naupliar stage. Trunk somites were added during each post-naupliar molt. The exopod and endopod of trunk limb 5 of the adult were multi-segmented. Interpodal bars connected the contra-lateral pair of trunk limbs 5 and 6. The exopod of trunk limb 6 was a 1- Table 2 . Synapomorphic character states for branches of trees A-B with same topology. Tree A-hand-crafted selected cladogram (Fig. 4) . Trees B-one of two trees obtained using PAUP* (version 4.0b10) during parsimony analysis applying heuristic search and ACCTRAN characterstate optimization (Swofford, 2002) segmented complex, while the endopod was an unarticulated lobe. On extant podopleans, the distal endite of trunk limb 1 fails to form (Fig. 3D) , and the endopod is at least 4-segmented. Extant polyarthrans, proposed as basal to all other podopleans and gymnopleans (Dahms, 2004b) , have the terminal and penultimate segments of the mandibular exopod fused; trunk limb 1 has an endopod of at least four segments. Extant misophrioids pass through only one naupliar stage (Gurney, 1933) and have an endopod of at least six segments on trunk limb 1. The number of segments on the exopod of antenna 2 of the ancestor of the remaining podopleans decreases from last nauplius to first post-nauplius. Synapomorphies have been proposed for Cyclopoida (Barroso do Abiahy et al., 2007) , and for Poecilostomatoida and Siphonostomatoida (Ferrari and Ivanenko, 2008) . The adult, ancestral gymnoplean had a trunk divided into an anterior set of six broad somites and a posterior set of five narrow somites (Fig. 2C) . The anterior narrow trunk somite 6 of the ancestor of podoplean/gymnoplean was transformed into the posterior broad somite on the ancestral gymnoplean. This change appears to correspond to the transformation during development of the narrow trunk somite 6 of the ancestor of podoplean/gymnoplean to a broad somite during the molt to the third post-naupliar stage of the ancestral gymnoplean. The ancestral gymnoplean retained six naupliar stages and six post-naupliar stages. Buds of maxilla 1 initially appeared on the third nauplius. Trunk limb 3 remained the limb anterior to the caudal ramus on the last nauplius, and the first postnauplius had five trunk somites with the last two narrow. Trunk limb 4 was the limb anterior to the caudal ramus on the first post-naupliar stage. The ancestral gymnopleans began the post-naupliar phase of development with one somite fewer than the ancestral copepod, and trunk somites were added during all post-naupliar molts. Trunk limb 1 of the adult retained both basal endites (Fig. 3F ) and had a 6-segmented endopod. Von Vaupel Klein's organ was present on trunk limb 2. The exopod of male trunk limb 6 had denticles ventrally on the terminal segment, and the initial formation of trunk limb 7 was delayed until the last molt. Among extant gymnopleans, the exopod of antenna 2 on the ancestor of pseudocyclopids is patterned during the post-naupliar phase of development. On the ancestor of the remaining gymnopleans, the proximal endite of the basis of trunk limb 1 fails to form (Fig. 3G) , although the three setae of this endite may be present, originating directly on the segment.
DISCUSSION
In the evolutionary scenario presented here, changes in adult body architecture proceeded stepwise from thaumatopsylloid-like with four broad anterior somites and seven narrow posterior somites through podoplean-like with five broad anterior somites and six narrow posterior somites to gymnoplean-like with six broad anterior somites and five narrow posterior somites. These evolutionary transformations appear to correspond to the following developmental transformations of somites from narrow to broad: none for extant thaumatopsylloids; trunk somite 5 from narrow to broad during the molt to the second post-naupliar stage for extant podopleans; trunk somites 5 and 6 from narrow to broad during the molts to the second and third post-naupliar stages, respectively, on extant gymnopleans.
The paired buds of maxilla 1, as a setal pair, initially appear on the first naupliar stage of thaumatopsylloids. On podopleans, this configuration of maxilla 1 initially appears at the second naupliar stage, and on gymnopleans, it appears initially at the third naupliar stage. At the first postnaupliar stage, the oldest body architecture and limb configuration is thaumatopsylloid-like with four broad and three narrow trunk somites with the setose bud of trunk limb 4 anterior to the caudal ramus of thaumatopsylloids. Body architecture and limb configuration of podopleans and gymnopleans have been transformed to four broad and two narrow trunk somites with the bud of trunk limb 3 anterior to the caudal ramus.
Analytical support for the gymnoplean architecture as the ancestral copepod architecture is equivocal. The older argumentation (Giesbrecht, 1893 ) is based on similarity of swimming leg morphology. Gymnoplean architecture was considered ancestral because on some gymnopleans (for Giesbrecht, 1893, these are species belonging to Calanidae) all swimming legs had a uniform configuration: 2-segmented protopod and 3-segmented rami. Uniformity of swimming legs was expected for the oldest copepod; thus the uniform configuration of swimming legs 1-5 of gymnopleans indicates the oldest body architecture. Swimming leg 5 of Giesbrecht's podopleans is either 1-segmented or a simple lobe, and this configuration was considered derived. Only later did Calman (1909) propose the maxilliped as a thoracic limb, and a limb on the anterior abdominal somite of copepods. Giesbrecht (1913) then recognized the limb posterior to swimming leg 5 as the seventh thoracic limb. This configuration of trunk limb 7 as a limb bud that is never transformed (Ferrari and Dahms, 1907) vitiates the assumed uniformity. A more recent phylogeny (Park, 1986 ) places platycopiids at the base of gymnopleans and a more recent analysis (Ferrari et al., 2010) proposes pseudocyclopids as the oldest gymnopleans. Trunk limbs 2-6 are not similarly segmented in either family and so Giesbrecht's argumentation continues to be problematical.
More recent support for gymnoplean architecture as the ancestral copepod architecture involves changes in limb function based on changes in limb morphology (Huys and Boxshall, 1991) among crustaceans that are presumably related to copepods but that do not exhibit a division of trunk somites into a broad, anterior group and a narrow, posterior group. A change in function was suggested between trunk limbs 6 and 7 for facetotectans, ascothoracidans, and tantulocaridans, as well as gymnoplean copepods. Based on this hypothesis of functional morphology, gymnoplean architecture was deduced as ancestral for copepods. However, among gymnopleans and podopleans there also is a major change in function between trunk limbs 2-5 that are involved in locomotion, and trunk limb 6 that is not. In addition, there is a change in function between trunk limb 1 and trunk limbs 2-5 of copepods that has not been reported for facetotectans, ascothoracidans, and tantulocaridans. Changes in limb function, then, do not support unequivocally the hypothesis that gymnoplean architecture is the body architecture of the ancestral copepod.
It seems clear from the above paragraphs that limb configuration cannot predict body architecture. However, changes in body architecture may predict limb configuration in a few cases. Throughout development of female thaumatopsylloids, the limb on the anterior narrow trunk somite 5 has a particular configuration; the endopod is an unarticulated lobe and the exopod is a 1-segmented complex (Dojiri et al., 2008 : Fig. 15B) ; male development is similar except that the endopod articulates on the adult male. On some basal podopleans, like Longipedia americana (unpublished observations and Wells, 1980: Fig. 229 ) and some misophrioids like Benthomisophria palliata (Sars, 1909 ) (see Boxshall and Roe, 1980: Fig. 5D ), the configuration of the endopod on trunk limb 6 on the anterior narrow somite trunk is similar. This configuration also has been retained by many female harpacticoids. Juvenile males (post-naupliar stages 4 and 5), but not the adult male, of Pseudocyclops schminkei have an unarticulated endopod (Ferrari et al., 2010: Fig. 12 ), and presumably this configuration has been retained from the ancestral podoplean/gymnoplean.
The relationship of thaumatopsylloids to other copepods has been an issue of ongoing discussion. Thaumatopsylloids have been considered: close to monstrilloids based on the absence of all cephalic limbs, except antenna 1, and the first trunk limb (Sars, 1913) ; close to cancerillid and artotrogid siphonostomatoids because of the reduced width of the epimeres of trunk somite 5 (Gurney, 1931; Sewell, 1949) or the similarity of trunk limbs 5 and 6 (Fosshagen, 1970) ; the sister group of Siphonostomatoida and Monstrilloida (see Ho et al., 2003) ; within the Cyclopoida based on their median ventral copulatory pore and paired egg sacs (Huys and Boxshall, 1991) . Copepodid I (the first post-naupliar stage) of cancerillids and artotrogids, as well as all other siphonostomatoids, has a trunk of four broad anterior somites and two narrow posterior somites, and the setose bud of trunk limb 4 is the limb anterior to the caudal ramus (Carton, 1968; Murnane, 1969) . The same architecture holds for all other podopleans, including cyclopoids, and gymnopleans. However, copepodid I of thaumatopsylloids has four broad anterior and three narrow posterior trunk somites, and the bud of trunk limb 5 is the limb anterior to the caudal ramus. A post-naupliar phase has not been reported for monstrilloids but from the architecture of the adult body, it seems likely that the first post-naupliar body architecture will be identical to podopleans and gymnopleans, and different from thaumatopsylloids. From the analysis presented here, it is clear that thaumatopsylloids are not simply marvelous fleas, as Sars (1913) proposed, but truly marvelous copepods.
